The global yield of bananas-one of the most important food crops-is severely hampered by parasites, such as nematodes, which cause yield losses up to 75%. Plant-nematode interactions of two banana cultivars differing in susceptibility to Radopholus similis were investigated by combining the conventional and spatially resolved analytical techniques 1 H NMR spectroscopy, matrixfree UV-laser desorption/ionization mass spectrometric imaging, and Raman microspectroscopy. This innovative combination of analytical techniques was applied to isolate, identify, and locate the bananaspecific type of phytoalexins, phenylphenalenones, in the R. similiscaused lesions of the plants. The striking antinematode activity of the phenylphenalenone anigorufone, its ingestion by the nematode, and its subsequent localization in lipid droplets within the nematode is reported. The importance of varying local concentrations of these specialized metabolites in infected plant tissues, their involvement in the plant's defense system, and derived strategies for improving banana resistance are highlighted.
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plant protection | induced plant defense | matrix-free LDI-MSI B ananas and plantains (Musa spp.) are among the world's most important food and cash crops, with a global production of about 138 million tons in 2010. These crops are part of a well-balanced human diet and are a major food staple for more than 400 million people in the tropics (1, 2) . About 82% of the world's banana production is consumed locally, particularly in India, China, and many African countries (Table S1 ) (1, 2) . Export of bananas to the northern hemisphere represents an important source of employment in countries such as Costa Rica, Ecuador, Colombia, and the Philippines (Table S2) (1, 2) . Banana yields are severely hampered by fungi, insects, and plant-parasitic nematodes. The burrowing nematode, Radopholus similis (Cobb, 1893) Thorne, 1949 , is the key nematode pathogen, causing yield losses up to 75% (3) . R. similis is found in all major banana-producing regions of the world; its best-known hosts are bananas, black pepper, Citrus spp. (4) , and coffee (5) . R. similis causes extensive root lesions that can lead to toppling of banana plants (6) .
Plant-parasitic nematodes have been effectively managed through the use of nematicides. However, their high toxicity has adverse effects on humans and their toxic residues are known to accumulate through nontarget organisms in the food chain (7) . After the withdrawal of many effective nematicides, such as methyl bromide, from the market (8) , organophosphate and carbamate nematicides are still intensively applied to banana and therefore continue to threaten the health of agricultural workers and the environment (9) . Although several biological control approaches, including the application of both single and multiple control organisms-such as Fusarium oxysporum, Paecilomyces lilacinus, Trichoderma atroviride isolates, and Bacillus firmus-have proved promising under greenhouse conditions, the control they confer to banana plants most probably does not protect plants for more than one cycle in the field, and most of these organisms have yet to be tested under field conditions (10).
Significance
The ongoing decline of banana yields caused by pathogens and the use of toxic chemicals to manage them has attracted considerable attention because of the importance of bananas as a major staple food for more than 400 million people. We demonstrate that secondary metabolites (phenylphenalenones) of Musa are the reason for differences in cultivar resistance, and detected the phenylphenalenone anigorufone in greater concentrations in lesions in roots of a nematode-resistant cultivar than in those of a susceptible one. An in vitro bioassay identified anigorufone as the most active nematostatic and nematocidal compound. We discovered that large lipid-anigorufone complex droplets are formed in the bodies of Radopholus similis exposed to anigorufone, resulting in the nematode being killed.
The in-depth investigation of the plant-nematode interactions at the cellular and molecular level could lead to the development of more rational and efficient control strategies (11) . The production of toxic, herbivore-deterrent or -repellent secondary metabolites, which is typical for many plant defense systems, is particularly interesting in this context. Musa cultivars resistant to R. similis have been identified, especially the cultivar Yangambi km5 (Ykm5) (12) . Histochemical and ultrastructural investigations of lesions caused by R. similis in Ykm5 revealed the accumulation of phenolic compounds in response to infection (13) . Unfortunately, many of these studies were based solely on histochemical staining methods and did not identify the chemical structures of nematicidal secondary metabolites (7, 14, 15) . Initial phytochemical analyses of R. similis-infected roots of the Musa cultivar Pisang sipulu identified the phenylphenalenone anigorufone (1) as a phytoalexin produced in response to nematode damage and confirmed earlier suggestions of the significant role of phytoalexins in the plant defense system (16) . Phenylphenalenones are a group of special phenylpropanoidderived natural products (17) , which are known as Musaceae phytoalexins (18) . The activity of phenylalanine ammonia lyase (EC 4.3.15), the entry-point enzyme of the phenylpropanoid pathway, is correlated to the biosynthesis of specific phenylpropanoids involved in defense and was substantially induced in nematode infected roots of Ykm5 (19) . Phenylphenalenone-related compounds show biological activity against bacteria, fungi, algae, and diatoms (18, (20) (21) (22) . The formation of these compounds has been elicited in banana leaves by Mycosphaerella fijiensis (Black Sigatoka leaf streak disease), in the fruit peels by Colletotrichum musae (anthracnose disease), and in roots and rhizomes by F. oxysporum f. sp. cubense (Panama disease) and R. similis (16, 18, 21, 23) .
Results
Root Damage and Root Lesions. In the greenhouse, potted Grande Naine (GN) and Ykm5 plants were inoculated with R. similis. Roots of 20-wk-old plants were monitored for nematode damage 12 wk after infection. Root damage was more severe in GN than in Ykm5. Visual observation of infected GN roots revealed large, continuous, and tunnel-like lesions ( Fig. 1 A and B) . Moreover, root damage extended to the root bases near the GN corms (Fig.  1C) . Newly formed root lesions were light red in color. Older lesions were dark red-brownish. In Ykm5, no corm infection was observed and both newly formed and older root lesions were small, discontinuous, dark red-brown in color, and nonexpanding ( Fig. 1 D and E) . Uninfected roots of Ykm5 and GN, used as controls, showed no lesions and appeared healthy upon visual inspection.
Isolation and Identification of Metabolites. R. similis lesions from GN and Ykm5 roots were manually dissected from infected roots under the microscope, and metabolites were extracted from lesion material using ethanol. The intensely red-colored lesions were easily visually distinguishable from healthy, beige-colored root tissues. Equal amounts of roots from uninfected plants were used as controls. Liquid-liquid separation from all of the above four samples resulted in CHCl 3 , ethyl acetate, 1-butanol, and aqueous subfractions. Preliminary 1 H NMR analysis of subfractions of the R. similis-infected GN and Ykm5 root material revealed signals in the aromatic range of the spectrum of the CHCl 3 extract, whereas the other subfractions did not show aromatic signals of notable intensity. The CHCl 3 subfractions were further analyzed for the occurrence of phenylphenalenones. In a first step, the CHCl 3 subfractions of all of the samples were purified by semipreparative HPLC. The individually collected fractions were subjected to 1 H NMR spectroscopy for identification and the structures of all compounds were identified as typical metabolites and major phytoalexins of Musa species (Fig.  S1 ) (18, 21, 23) . The phytochemical profiles and the number of secondary metabolites in GN and Ykm5 (Fig. S1) (8) were detectable in the extracts of lesions from both cultivars. (2S,3R)-2,3-Dihydro-2,3-dihydroxy-9-phenylphenalen-1-one (3), isoanigorufone (4) , and anigorootin (9) were exclusively found in Ykm5, and methylirenolone (6) only in GN. Twice as much anigorufone (1), the major specialized metabolite of lesions in both cultivars, was found in Ykm5 compared with GN. Additionally, all minor compounds were present in smaller amounts per kilogram of root material in GN compared with Ykm5. The amounts of the isolated compounds are shown in Table S3 .
Analysis and Interpretation of Laser Desorption/Ionization Mass
Spectrometric Imaging Data. The suitability of matrix-free UVlaser desorption/ionization mass spectrometric imaging (LDI-MSI) to identify secondary metabolites of Arabidopsis thaliana and Hypericum species (24) encouraged us to use this spatially resolved bioanalytical technique to study the presence of phenylphenalenones in the lesions of GN and Ykm5. The Ultraflex III-and the ultrafleXtreme mass spectrometers allowed the application of a high lateral resolution of 10 μm, enabling the localization of phenylphenalenones in the lesion area (100-200 μm ). The accumulation of secondary metabolites in the lesions was detected by LDI-MSI. The LDI-MSI data obtained from the lesion and the surrounding tissues (Fig. 2) show mass signals of phenylphenalenones precisely at the site of nematode infection. The LDI-MSI images were plotted in SCiLS Lab software (SCiLS) after spectra baseline correction, hotspot removal (by suppressing 1% of most intense pixels), and edge-preserving image-denoising to reduce the pixel-to-pixel variation (25) . Within the lesions, m/z values of the discovered secondary metabolites (compounds 1-9) were detected, which are consistent with compounds resulting from the phytochemical investigations of the dissected lesions. The m/z value of 271 detected within the lesions was assigned to [M-H] + of the compounds anigorufone (1), 4, or both (Fig. 2C) . A signal for compound 7 (m/z 273) was found in this area (Fig. 2D) , as well as signals of compound 2 and its 4-phenyl analog 5 (m/z 287) (Fig. 2E ). The signal m/z 289 was attributable to the secondary metabolites 3, 8, or both (Fig. 2F) . A signal for the O-methyl phenylphenalenone (6) of m/z 301 was also detectable (Fig. 2G) . Furthermore, using the ultrafleXtreme, we were able to detect a signal for the dimer 9 at m/z 573.
The areas of the lesions were strikingly different from the healthy, uninfected surrounding regions with regard to the presence of secondary metabolites, both in the isolation experiments and in the LDI-MSI investigations. Nevertheless, an elevated ion signal background in single LDI measurements caused by high laser intensities was observed within the uninfected regions of the tissue. As the color mapping indicates only the signal intensity at specific raster points and not the occurrence of a certain compound, color signals appear where only background is detected (Fig. S2 ).
Effect of Phenylphenalenones in R. similis Motility Bioassay. To test for antinematode properties of the phenylphenalenone-type phytoalexins, an in vitro bioassay on the motility of R. similis was performed with 13 selected phenylphenalenones and related compounds ( Fig. S1 and Table S4 ). The percentage of nematode motility inhibition (nematostatic effect) was monitored after 24, 48, and 72 h of exposure to the compounds.
At both tested concentrations (50 and 100 ppm), anigorufone (1), and compounds 2 and 13 showed a nematostatic effect as of 24 h of incubation. This effect was either constant (compound 13) or increased over time up to 72 h (1 and 2). Anigorufone (1) showed the strongest activity, with 89% of the nematodes becoming immotile after 72 h of incubation. Similar nematostatic effects were observed for compounds 2, 4, 8, and 4-hydroxy-2-methoxy-9-phenylphenalenone (11) at a concentration of 100 ppm. Exposure to 50 ppm resulted in higher percentages of immotile nematodes of 48 h of exposure, in comparison with the 1% ethanol control. The compounds 5, 9, methoxyanigorufone (10), musanolone C (12), and perinaphthenone (15) revealed inconsistent nematostatic effects. Methylirenolone (6) and dihydroxyanigorootin (14) did not show any substantial inhibition of nematode motility (not included in Table S4 ). The solvent (1% ethanol) exhibited a negligible effect on nematode motility comparable to sterile distilled water.
Dosage Effect of Anigorufone (1) on R. similis Motility Bioassay.
Among the phenalenones tested in the R. similis motility bioassay, anigorufone (1) was the most active compound at a concentration of 100 ppm (Table S4) . Therefore, anigorufone (1) was selected for a more detailed investigation of its nematostatic potential. The data obtained at 10, 20, 40, 50, and 100 ppm clearly showed a concentration-dependent effect of anigorufone (1) on nematode motility (Fig. S3) . At an incubation time of 24 h, the percentage of immotile versus the total number of nematodes increased from nonsignificant 26%, at a concentration of 10 ppm, to significant 50.2% at 40 ppm and 74.3% at 100 ppm. Hence, significantly (P < 0.05) higher levels of nematostatic effects were observed from 40 ppm upwards compared with the control (1% ethanol). Increasing the concentration to 150 ppm resulted in partial precipitation of anigorufone (1). Compared with the values obtained after 24 h, the motility of nematodes further decreased at incubation times of 48 and 72 h (Fig. S3 ). The concentration of anigorufone (1), which inhibited the motility of 50% of the nematodes (IC 50 ) in the bioassay, was 59 μg/mL for an incubation time of 24 h. For an exposure time of 48 h, IC 50 was 38 μg/mL, and only 23 μg/mL for 72 h of exposure.
Nematode Ingestion of Anigorufone (1) and Its Detection by LDI-MSI.
A surprising observation was made during the evaluation of the R. similis motility bioassay with anigorufone (1). Under bright field microscopy (BF), yellow droplets were seen in parts of the bodies of nematodes exposed to high concentrations of anigorufone (1) (Fig. 3 ). These droplets were readily visible because of the natural transparency of the nematode cuticle. Nematodes containing such yellow droplets were subjected to LDI-MSI to identify the yellow pigment. The drying of the nematodes on the indium tin oxide (ITO)-coated conductive glass slides and the high-field vacuum conditions of the LDI-MSI process preserved the position of the nematodes on the slides and allowed pointing the laser precisely at the target region. This aspect was important because the shape of the yellow droplets changed during the drying on the glass slides and during the LDI-MSI measuring process, because the droplets converged. LDI-MSI spectra recorded from yellow regions of R. similis nematodes showed an ion peak of m/z 273 [M+H] + , corresponding to the molecular mass of anigorufone (1) (Fig. 4) . LDI-MSI spectra of control nematodes not exposed to anigorufone (1) did not show such a signal. Ingestions of large enough amounts of anigorufone (1) to be visible by BF always led to nematode mortality. Thus, it has become obvious that anigorufone (1) is not only a nematostatic but also a nematocidal compound.
Raman Microspectroscopy. Studies were conducted to analyze the chemical composition of the yellow droplets appearing in the bodies of R. similis after ingestion of anigorufone (1) . Recent developments in combining Raman spectroscopy with optical microscopy provided a new noninvasive technique to assess and image biological samples and processes. The technique has recently been successfully applied to identify and visualize lipid droplets in nematodes (26) . Fig. 5A shows a BF image of part of a R. similis nematode using a 60×/NA = 1 water-immersion objective. The Raman image, reconstructed from the integrated areas of the scattering intensities originating from C-H stretching vibrations of organic molecules of part of the image in Fig. 5A , is shown in Fig. 5B . Fig. 5C was generated from Fig. 5B using a spectral decomposition algorithm that searches for the greatest spectral contrast within a given dataset. Subsequently the abundances of the spectral information were plotted. The distribution of lipids is shown in red in Fig. 5C , the protein distribution in light blue. Apparently, the lipids are arranged in rather large fat droplets, whereas the abundance of the proteins reveals the internal organization of the organism. Fig. 5D shows the associated spectral information. The spectrum shown in light blue exhibits all characteristic features associated with proteins. For example, the scattering intensities between 2,800 and 3,100 cm −1 originate from C-H stretching vibrations of the protein residues; the band centered around 1,650 cm −1 is a result of stretching motions of the C = O bonds of the peptide backbones; and CH 2 scissoring motions can be observed at 1,450 cm
. The red spectrum resembles a typical spectrum of lipids. The intensities of C-H stretching bands between 2,800 and 3,100 cm −1 and C-H deformation bands near 1,300 and 1,440 cm −1 are more intense than in proteins. Further bands are assigned to C = O bonds of ester groups at 1,740 cm , and C-C groups at 1,070 cm 
Discussion
Banana cultivars show different grades of susceptibility to the burrowing nematode R. similis. The cultivar Grande Naine (GN), which is extensively cultivated for banana fruit production, is susceptible to R. similis and, in contrast, the cultivar Yangambi km5 (Ykm5), is largely resistant. The objective of this study was to investigate if secondary metabolites of the Musa plant could be the reason for these differences in plant-nematode interaction.
This study provides evidence for the local induction of phenylphenalenone-type secondary metabolites in response to R. similis infection in Musa spp. LDI-MSI was used with phenylphenalenones and nine phenylphenalenone-type compounds were detected in nematode-induced lesions. These compounds were elucidated by NMR analyses and identified as typical metabolites and major phytoalexins of Musa species (21) . Anigorufone (1) was the most abundant phenylphenalenone-type secondary metabolite present in the nematode-induced lesions of the resistant cultivar Ykm5, as well as in the susceptible cultivar GN. As recently reported for secondary metabolites of A. thaliana and Hypericum species, LDI-MSI is an effective technique of localizing secondary metabolites in plant tissues (24) . Here this technique revealed that the location of phenylphenalenones in Musa roots is restricted to the lesions created by R. similis.
A significant difference between the two Musa cultivars was observed when the mass fraction of the compounds in the lesions was determined. A greater concentration of anigorufone (1) and other antinematode phenylphenalenones was discovered in the small lesions in Ykm5 roots than in the large lesions in GN roots. In vitro bioassays revealed the IC 50 concentrations of anigorufone (1) necessary to immobilize and kill R. similis. These critical concentrations of active phenylphenalenones are not reached in the lesions of GN roots. In the sensitive GN cultivars, nematodes are neither immobilized nor killed and continue feeding and invading more tissue, creating larger lesions. In contrast, these critical concentrations are reached in Ykm5 roots and lead to the immobilization and eventual death of R. similis in situ. Hence, it appears that the biosynthesis of high concentrations of phenylphenalenones in the nematode-infected tissues in the roots of Ykm5 is the key mechanism responsible for Ykm5's resistance to R. similis. Phenylphenalenones do not create a nematode-toxic environment when they are present in roots at low concentrations. The local increase in concentration of these specialized metabolites upon nematode attack in resistant Ykm5 roots causes reduced motility and mortality, preventing nematodes from migrating to neighboring regions outside the initial infection zone.
To the best of our knowledge, the present bioassay-based study provides evidence of antinematode properties of phenylphenalenones and related compounds. Although bioassays were presumably performed with the active ingredients of both currently available and obsolete nematicides, and may have proved to be nematicidal in these tests, this information is not available to us in literature, as tests were part of company internal research and development work. Therefore, direct comparisons of anigorufone with nematicides, such as Nemacur, Temik, and Furadan are not feasible. Ferulic acid, a biosynthetic phenylpropanoid precursor of some phenylphenalenones (27) , was recently shown to have nematostatic and nematocidal effects on R. similis (28) . An IC 50 of 57, 84, and 42 μg/mL −1 was obtained after 24-, 48-, and 72-h treatment, respectively. In comparison with ferulic acid, the IC 50 of anigorufone at 72 h was only 23 μg/mL −1 , showing that the latter is the stronger in planta antinematode compound. In addition, ferulic acid was not detected in the nematode induced lesions of our studied Musa cultivars. The most abundant compound, anigorufone (1), also proved to be the most active antinematode compound in the in vitro bioassays. Of the compounds tested, anigorufone (1) caused the greatest nematostatic and nematocidal effects. In addition to anigorufone (1), the compounds 2, 4, 8, 11, and 13 also had substantial nematostatic effects on R. similis, whereas others had less (compounds 5, 9, 10, 12, 15) or no effect at all (compounds 6, 14). Whether or not the composition of the phytoalexin mixture present in lesions also contributes to the resistance seen in Ykm5 remains to be investigated. Testing selected combinations of different phenylphenalenones and whole extracts could reveal synergistic or antagonistic effects of individual phenylphenalenones (7) .
The uptake of a plant secondary metabolite, anigorufone (1) by individual nematodes, was detected by LDI-MSI. No extraction of nematodes was necessary to analyze the ingested metabolites. Whether phenylphenalenones were incorporated into the nematode with the diet, via the skin, or via both routes was not addressed in this study. However, once taken up, nonglucosidic, poorly water-soluble phenylphenalenones, such as anigorufone (1), may converge with lipids. In this context, it was a remarkable finding that Raman microspectroscopy confirmed lipids as the major contents of yellow droplets in R. similis. In Caenorhabditis elegans, intestinal oil droplets-storage components for lipophilic compounds-are involved in minimizing the toxicity of polychlorinated biphenyl (29) . A similar process may be indicated in R. similis by the observed formation of bulky oil droplets containing anigorufone (1) . However, the enlargement of the oil droplets is not accompanied by an expansion of the nematode body limiting the space available to the internal organs and essential life processes. As opposed to the observed retention of lipids and the formation of bulky droplets in R. similis, a variety of stressors increased the excretion and stopped the pharyngeal pumping as a response in C. elegans. In this organism, a complex system of regulatory mechanisms can minimize the toxic effects of alcohol or heavy metals, at least for a limited time (30) . Exposure of C. elegans to quercetin and caffeic acid resulted in an altered lipid metabolism with a reduced intestinal fat deposition. In contrast to the toxic effect of phenylphenalenones on R. similis, the tested compounds quercetin and caffeic acid caused an effect which is linked to longevity in C. elegans (31) . Genes involved in regulation of lipid storage and mobilization (e.g., enlarged fat droplets in C. elegans) have been reported (32) . Thus, the formation of large lipid droplets in R. similis upon exposure to phenylphenalenones may be an effect of these plant metabolites on the lipid regulatory system. The development of such bulky lipid droplets as part of the Musa-R. similis interaction may be comparable to the role of lipids in the aging of C. elegans (33) .
Extrapolating data from laboratory bioassays to the field situation should be done with caution (34) . Nevertheless, phenylphenalenones, both natural phytoalexins and synthetics, are potential pest control agents. However, regardless of their origin from plants or from chemical synthesis, phenylphenalenones as polycyclic aromatic compounds hold potential risks for farmers, consumers, nontarget organisms, and the environment. Adverse effects, such as phototoxicity of phenylphenalenone-producing plants and pure phenylphenalenones have been reported (35, 36) . Hence, further investigations and risk assessments are necessary before considering phenylphenalenones as model compounds for the development of nematicides (7) .
Metabolic engineering (37) to enhance the cellular concentration of inducible phenylphenalenones (phytoalexins) could be an appealing way to develop commercially important banana cultivars that are as resistant to R. similis as Ykm5 and as productive as GN is. Engineering of specialized metabolite pathways for enhancing the disease resistance represents a feasible strategy (38) , but requires the genes and enzymes of the pathway and its regulation to be fully known. So far this is not the case for phenylphenalenone biosynthesis and, as a consequence, such studies are a necessary prerequisite. Moreover, the identification of the genes involved in local response to nematode attack and local induction of phenylphenalenone biosynthesis, as seen in Ykm5 and resulting in concentrations sufficient to control nematodes (or other pests), is challenging. The recent description of the draft sequence of the 523-megabase genome of a Musa acuminata doubled-haploid genotype represents a major advance to elucidate the complex biochemical processes of banana-pathogen interactions (39) .
Materials and Methods
Detailed experimental procedures are provided in SI Material and Methods. Briefly, the Musa cultivars were inoculated with a population of R. similis. The isolation, purification and structural elucidation of phenylphenalenones from lesions of root tissues were achieved by partition chromatography, semipreparative reversed-phase HPLC, and 1 H NMR spectroscopy. LDI-MSI on the Ultraflex III and ultrafleXtreme mass spectrometers were used to localize phenylphenalenones in the lesions and anigorufone (1) in R. similis, respectively. Two series of in vitro bioassay experiments determined the effect of 13 phenylphenalenone-type compounds and the dosage effect of anigorufone (1) on the motility of the nematodes. Raman data of the lipid droplets were acquired with a confocal Raman microscope.
ACKNOWLEDGMENTS. We thank Lut Ooms, Tamara Krügel, and the greenhouse teams at the University of Leuven and the Max Planck Institute for Chemical Ecology for the help in raising Musa plants, and Nematodes. A population of R. similis [Radopholus similis (Cobb, 1893) Thorne, 1949] originally isolated from banana roots in Uganda was used in the experiments. The nematode population was maintained as monoxenic culture on sterile carrot disks and on sterile alfalfa callus tissues at 25 ± 1°C in the dark (2) . A mixture of adult and juvenile nematodes extracted from 6-to 8-wk-old carrot disk cultures was collected in distilled water; a concentration of 500 active nematodes was adjusted in 1 mL of water and used to inoculate the banana plants.
Six-week-old alfalfa callus tissue-based nematode cultures were used in in vitro bioassays to test antinematode properties of the phenylphenalenones.
Nematode Inoculation. Eight weeks after being transplanted and placed in the greenhouse, six plants of each cultivar were inoculated with 8,000 nematodes. Six uninfected control plants were maintained per cultivar (total of 12 plants per cultivar).
Twelve weeks after inoculation with R. similis, the banana plants were uprooted. The extent of root necrosis was estimated using the root necrosis index according to the established protocol (3). Roots were cleaned, snap-frozen in liquid nitrogen, and stored at −80°C before the phytochemical analysis. A portion of young roots with newly developing lesions was preserved separately for localization of secondary compounds using laser desorption/ionization mass spectrometric imaging (LDI-MSI).
Isolation and Structure Elucidation of Phenylphenalenones. Root tissues with lesions were manually microdissected using a scalpel, frozen with liquid nitrogen, ground, and exhaustively extracted with ethanol at room temperature. The crude extract was evaporated (<40°C) and partitioned between CHCl 3 -H 2 O and ethyl acetate-H 2 O, followed by 1-butanol-H 2 O. Purifications were achieved by means of semipreparative reversed-phase HPLC on a Nucleosil 100 RP-18 column (10 μm, 250 × 10 mm, UV 284 nm) using a gradient MeCN-H 2 O (0.1% TFA) from 15 to 95% MeCN in 120 min at a flow rate of 3.5 mL/min (Merck Hitachi LiChrograph L-6200A gradient pump, Merck, www.merckgroup.com).
H NMR Spectroscopy.
1 H NMR spectra were measured on an AV 500 NMR spectrometer (Bruker, www.bruker.com) at 500.13 MHz. The spectrometer was equipped with a 5-mm Bruker TCI Cryoprobe. Standard Bruker pulse sequences were used to record spectra in acetone-d 6 at 300 K. Spectra were referenced to tetramethylsilane, which was used as an internal standard.
LDI-MSI on the Ultraflex III and UltrafleXtreme Mass Spectrometers.
Thin, small longitudinal sections of the Musa root epidermis, rich in lesions, were cryosectioned and fixed on a carbon-conductive adhesive tape (Plano, www.plano-em.de), which was in turn fixed on an indium tin oxide (ITO) slide (Bruker Daltonics, www.bdal. com) (4) . A gel-liner (Staedtler triplus gel-liner, silver, 0.4 mm; Staedtler-Mars, www.staedtler.com) was used to place marks surrounding the sections to define their position. The gel-silver points served as reference points when overlaying the optical image with the LDI-MSI data.
An Ultraflex III mass spectrometer (Bruker Daltonics), equipped with a Nd:YAG laser was used for the analysis of plant material. All spectra were measured in the negative reflector mode. To measure the pixels of approximately 10 × 10 μm, the minimum laser-focus setting (corresponding to a diameter of about 10-μm laser, under use of oversampling) was used. For each raster point, a spectrum was accumulated with 100 laser shots in the range of m/z 100-1,000 Da and fixed laser intensity. For data acquisition, the FlexImaging v2.0 software (Bruker Daltonics) was used. For advanced image visualization (Fig. 2) , SCiLS Lab software was used. Each image corresponding to an m/z value was visualized by overlaying the image with the optical image of the lesion. Each signal intensity in the m/z image is represented by a specific color corresponding to the mass of the metabolites hereby visualized.
An ultrafleXtreme mass spectrometer was used for the detection of anigorufone (1) in the R. similis bioassay. Nematodes were pipetted directly onto conductive-coated ITO glass slides (Bruker Daltonics) and residual water was evaporated. Subsequently, the ITO glass slide was clamped into a MTP slide adapter II and inserted into an ultrafleXtreme mass spectrometer operating with flexControl 3.0 (Bruker Daltonics). The data were collected in the range of m/z 0-440 Da in the positive reflector mode, with a raster width of 10 μm in XY at 90% laser power with 1000 Hz laser frequency. One-thousand spectra at each raster spot were recorded with a sample rate of 4.00 GS/s. After data acquisition from flexImaging 2.0, the resultant sum spectra were filtered manually. Masses were picked with a mass range of 0.5 Da and visualized by overlaying with the optical image.
Antinematode Properties of Phenylphenalenones in a R. similis Motility Bioassay. Two series of in vitro bioassay experiments were carried out. In the first series, the effect of 13 phenylphenalenone-type compounds on the motility of R. similis was assayed (Fig. S1 and Table S4 ). Two concentrations (50 and 100 ppm) were tested. Each treatment was replicated three times and for each compound, the assay was repeated at least twice.
In the second experiment, the dosage effect of anigorufone (1) on the motility of R. similis was tested using a gradient of six concentrations (10, 20, 40, 50, 100, 150 ppm). Each treatment was replicated six times and the bioassay was repeated twice to confirm the results. Dose-dependent effects allowed the calculation of IC 50 values, defined as the concentration of a compound required to cause 50% of nematodes to become immotile, at 24, 48, and 72 h of incubation. Anigorufone (1) was considered toxic when at least 10% more nematodes become immotile in a treatment than in the solvent control. Nematicidal effects were checked by transferring the nematodes to sterile distilled water after 72 h in contact with anigorufone (1) . The number of live and dead nematodes was counted under a fluorescence microscope (Leica Dialux 20, Leica Microsystems, www.leica-microsystems.com) at 96 h (5). To be certain that nematodes were dead and not just immotile, they were poked with a needle.
Experimental procedure used in both bioassay series as follows: with the exception of compound 15 (Sigma Aldrich, www. sigmaaldrich.com) all phenylphenalenones were extracted from Musa spp. and Anigozanthos spp. and purified using semipreparative HPLC. The compounds were dissolved in aqueous ethanol (1%). Stock solutions (200 μg/mL) were prepared aseptically and stored as aliquots at −20°C.
All of the experiments were performed in 24-well plates under aseptic conditions. The control consisted of 1% ethanol in an aqueous solution. A sterile distilled water control was also included to test the solvent effects on motility. An aliquot of 100 μL sterile nematode suspension containing 80-100 adult and juvenile R. similis was added to each well, and the exact number of motile and immotile nematodes in each well was counted before the addition of the compounds. Nematodes were counted using an inverted compound microscope (Nikon TMS-F, 40×, Nikon Belux, www.nikon.be). A total volume of 400 μL, composed of different volumes of compound stock solution (200 ppm) and of sterile distilled water, were added to each well to obtain the desired concentrations. Plates were incubated in the dark at 25 ± 1°C. The number of immotile nematodes was counted after 24, 48, and 72 h of incubation.
The percentages of immotile nematodes were calculated relative to the number of actively moving and immotile nematodes at the onset of the experiment. Compounds were considered motility inhibitive (nematostatic) when significantly (P ≤ 0.05) more nematodes became immotile than in the solvent control at any assayed concentration.
Statistical Data Analysis. Statistical data analysis was performed using STATISTICA v9 (StatSoft, www.statsoft.com). Data on the motility assay were analyzed using the Kruskal-Wallis analysis of variance by ranks. When the Kruskal-Wallis analysis of variance ranks was significant, each group mean was compared with the control by multiple comparisons of mean ranks. Data on dosage effect of anigorufone (1) on R. similis motility were analyzed by ANOVA, provided the conditions of ANOVA (normal distribution and homogeneity of variance) were met. The percentage of motile nematodes were arcsin (×/100) transformed before the analysis. When significant differences (P ≤ 0.05) were observed, Tukey's HSD test was applied for multiple comparisons of group means. The IC 50 values were obtained by interpolating the corresponding percentage of immotile nematodes vs. anigorufone (1) concentration in scatter plots.
Raman Data Acquisition and Data Analysis. Raman spectra were acquired using a WITec Model CRM 300 Confocal Raman Microscope (WITec, www.witec.de). Excitation at 785 nm (approximately 10 mW per sample) was achieved by a single-mode diode laser. The exciting laser radiation was coupled into a microscope through a wavelength-specific single-mode optical fiber. The incident laser beam was collimated via an achromatic lens and passed a holographic band-pass filter, before it was focused onto the sample through the microscope objective. A Nikon Fluor (60×/1.00 NA, WD = 2.0 mm) water-immersion objective was used in the studies reported here (Nikon, www.nikon.de). The sample was scanned through the laser focus in a raster pattern at a constant stage speed of fractions of a micrometer per second. The continuous motion prevents sample degradation in the focal point of the laser beam. Spectra were collected at a 0.5-μm grid, with a dwell time of 0.25 s. The spectral resolution was about 6 cm −1 and the spectral window ranged from 300 to 3,200 cm . The spectral decomposition algorithm vertex component analysis that was used for data processing has been described in detail elsewhere (6) . R. similis nematodes were treated in solutions of 11 selected phenylphenalenones at two concentrations (conc.) over 3 d (n = 3). All of the presented means are significantly from the percentage immotile nematodes present in the control solution according to Kruskal-Wallis analysis. "-" means no significant difference was observed.
